Furthermore we found that, upon S phase arrest, the 3' ends of actin mRNAs were post-transcriptionally uridylated in a Cid1-dependent manner. Finally, Hs2
INTRODUCTION
Pre-mRNA undergoes various co-and post-transcriptional modifications, such as the addition of the 5′ cap structure, splicing, cleavage at the poly(A) site and polyadenylation (36) . These modifications are thought to stabilize the RNA, enable export from the nucleus and stimulate translation (13, 24) . Stabilization of mRNA by the poly(A) tail is dependent on poly(A) binding protein (Pab1) (6) , which requires a tail of at least eleven adenylyl residues to bind RNA in vitro (9, 20) . In addition, increasing poly(A) tail length enhances translational rate (35, 42, 43) . The loss of the poly(A) tail is often the initial step in degradation of mRNA, usually occurring before both 5′ 3′
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degradation and exosome-mediated 3′ 5′ degradation (8, 45) . Thus, control of poly(A) tail length represents a key step in regulation gene expression.
In the cytoplasm, poly(A) tail length is controlled by the opposing functions of deadenylation and poly(A) addition. In contrast to the canonical, nuclear PAP, cytoplasmic PAPs are thought to extend existing poly(A) tails of mature messages, thereby stabilizing these transcripts and/or increasing their translation. We previously identified Cid1 as a cytoplasmic PAP in Schizosaccharomyces pombe (38) . cid1 was identified in an overexpression screen as conferring resistance to the combination of hydroxyurea (HU), an inhibitor of ribonucleotide reductase and thus DNA replication, and caffeine, which overrides the corresponding S-M checkpoint (51) . Cid1 is one of a family of six related proteins in S. pombe; these proteins are involved in a wide variety of processes, such as the RNAi pathway and turnover of aberrant nuclear RNAs (29, 55) .
Cid13 is another cytoplasmic PAP in fission yeast, which has been shown to target mRNA encoding the small subunit of ribonucleotide reductase (41) . cid13∆ cells have reduced dNTP pools and are therefore sensitive to HU. Cytoplasmic PAPs have also been described in metazoans. For instance, in maturing Xenopus oocytes, xGld-2 extends the poly(A) tails of its target mRNAs (2) . Recently, it has been shown that PARN, a poly(A) specific ribonuclease, and xGld-2 reside in the same ribonucleoprotein complex (19) .
Though xGld-2 acts constitutively on its target RNAs, the opposing action of PARN maintains short poly(A) tails on these messages. Once the oocytes mature, PARN is expelled and the message is polyadenylated by xGld-2 by default. Other homologues, identified in Caenorhabditis elegans, mice and humans, are thought to be involved in such processes as germ cell development and neuronal synaptic plasticity (2, 30, 40, 50) .
However, not all of these novel polymerases are involved in stabilizing transcripts. The only Saccharomyces cerevisiae members of the Cid1 family, Trf4 and Trf5, have been shown to function in a nuclear RNA surveillance pathway as part of the TRAMP complex, which activates RNA for exosome-mediated degradation by the addition of an oligo(A) tail (18, 21, 48, 56) . This oligoadenylation pathway may share a common evolutionary origin with an analogous pathway in bacteria. In S. pombe, Cid14 has been identified as the functional homologue of Trf4/5 (55) , and a similar process has also been implicated in the degradation of pre-mRNA species in human cells (54) . The ability of an oligo(A) tail to destabilize RNA, while a poly(A) tail stabilizes, may well be linked to the inability of an oligo(A) tail to bind Pab1.
While the presence and length of a poly(A) tail are key determinants of RNA stability, several studies have highlighted the importance of other oligonucleotide tails.
For instance, the addition of uridylyl residues has been implicated in many RNA metabolic pathways, such as RNA editing in trypanosomes (1), microRNA (miRNA) -directed mRNA cleavage (22, 44) , miRNA stability (22) and U6 snRNA 3′ end formation and maintenance (5, 47) . Investigations into miRNA-directed cleavage in Arabidopsis revealed that the 5′ product of the cleavage event was often oligouridylated; this modification may activate the RNA decay machinery (44) . The addition of such oligonucleotide tracts after miRNA-directed cleavage is likely to be conserved, since a similar phenomenon occurs in the generation of mature Epstein-Barr virus DNA polymerase mRNA (12, 34) . Post-transcriptional oligouridylation of other non-coding RNAs, such as U6 snRNA, has also been observed (5) . While most U6 molecules are blocked with a cyclic 2′,3′-phosphate 3′-end group (25) , it is now thought that the
oligouridylation of U6 acts to regenerate molecules that do not yet contain the terminal cyclic phosphate group and are therefore subject to trimming by various exonucleases (5) . The enzyme responsible for the post-transcriptional U6 terminal uridylyl-transferase (TUTase) activity in human cells has recently been identified and is a member of the Cid1 family (46) . Since uridylation of polyadenylated mRNAs has not been observed, it has been suggested that this modification is restricted to small, non-coding RNAs or cleaved transcripts, which are targeted for decay.
In our initial investigations into Cid1 (38), we noticed that, in addition to having PAP activity, Cid1 possessed substantial poly(U) polymerase (PUP) activity, though it was a weak poly(C) and poly(G) polymerase (PCP and PGP, respectively). Here we show that the PUP activity of recombinant Cid1, produced in E. coli, outcompetes its PAP activity under physiologically relevant conditions. In addition, Cid1-containing complexes purified from S. pombe also possess strong PUP activity but weak PAP activity. Critically, we demonstrate that polyadenylated actin mRNA is subject to Cid1-dependent uridylation during S-phase arrest; these data underscore a role for Cid1 PUP activity in vivo. A Cid1 orthologue, Hs2, shows strikingly similar nucleotide preferences when isolated in a complex from human cells. These data are the first to demonstrate non-adenylyl tailing of polyadenylated mRNAs and suggest that uridylation may represent a conserved pathway of mRNA regulation.

RESULTS
Recombinant Cid1 shows a preference for UTP over ATP. In order to better characterize the biochemical properties of Cid1, we first used recombinant protein produced in E. coli. Because full length Cid1 was unstable during purification (data not shown), a truncated Cid1 (tCid1), which lacked the first 31 residues and had increased stability, was used for further experiments. The preparation was determined to be 95% pure as judged by Coomassie stain (Fig. 1A) .
When tCid1 was incubated with a 5′ 32 P-labelled (A) 15 primer and either ATP, CTP, GTP or UTP (Fig. 1B) , it displayed activity similar to that described previously (38) : tCid1 had more PUP than PAP activity with relatively weak PCP and PGP activity.
This activity was specific to Cid1 since the catalytically inactive mutant proteins, D101A D103A (DADA) and D160A, showed no activity ( Fig. 2B and data not shown). The PUP activity was stronger than the PAP activity of tCid1 as judged by two different criteria.
First, while with ATP, 44% of tCid1-generated products were extended by more than 30 nucleotides, when UTP was present, 59% of products were extended by this amount. This accumulation of high molecular weight species is clearly visible on the densitometry plot of the polyacrylamide gel ( Fig. 1C-F ; Supp. Fig. 1 ). The stronger PUP activity of tCid1 was also reflected in the average number of nucleotides added to each primer. With CTP and GTP, tCid1 had weak activity and added 1.5 nucleotides; with ATP, tCid1 added 34.5 nucleotides. However, with UTP, the average tail extension was 51 nucleotides. It should also be noted that, when UTP was the nucleotide donor, reaction products showed a periodicity, as seen by the relative accumulation of species at approximately 15 nucleotide intervals (Fig. 1B, F) . In comparison, when ATP was used, the tCid1-
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generated products did not show such a distribution (Fig. 1C) . This may be due to basepairing between the Cid1-generated poly(U) tail and the (A) 15 primer. We consider it unlikely that the observed PUP activity is an in vitro artifact given the markedly different structures of adenine and uracil. In contrast, despite the structural similarity between ATP and GTP, the PGP activity of Cid1 was negligible in comparison to PAP and PUP activity.
In order to determine the relative strengths of these activities, we repeated the assay, this time incubating tCid1 with several nucleotides simultaneously. Products were then subjected to an RNase A-RNase T1 double digestion ( Fig. 2A) . RNase A cleaves after pyrimidine residues while RNase T1 cleaves after guanosines. By employing both
RNases, a heteropolymeric RNA is digested to oligo(A) tracts with a terminal cytidylyl, guanylyl or uridylyl residue. Therefore, with a 5′-labeled (A) 15 primer, the RNase double digest allows estimation of the position of the first-incorporated non-adenylyl residue (though because both RNases leave a 3′ phosphate, degradation products migrate slightly faster on gel electrophoresis than might be expected).
Surprisingly, when all four nucleotides were added to the same reaction in equimolar ratios, the Cid1-generated tails were completely cleaved by RNase A, though not significantly by RNase T1 (Fig. 2A) . Thus, tCid1 initially incorporated either a cytidylyl or uridylyl residue. Because of the weak PCP activity seen in Fig. 1B , we consider it unlikely a cytidylyl residue was the first to be incorporated. The resistance of tCid1-generated products to RNase T1 shows that the polymerase did not appreciably incorporate GMP when presented with all four nucleotides. The products generated in this situation also displayed the periodic product accumulation mentioned above,
suggesting not only that uridine was the first nucleotide incorporated but also that tCid1-generated tails contain oligo(U) tracts. The slight degradation of homopolymeric poly(A) tails upon RNase A treatment may reflect non-specific activity by the endoribonuclease.
However, in comparison, RNase A-mediated degradation was nearly complete when UTP or all four nucleotides were used. Therefore, the robust PUP activity of tCid1 is able to outcompete its PAP activity. In contrast to tCid1, the products generated by yeast PAP in the presence of all four nucleotides were refractory to digestion by both RNase A and T1
(Supp. Fig. 2 ). These data strongly suggest that the ability of tCid1 to incorporate uridylyl residues instead of adenylyl residues is specific to this polymerase.
We next wished to determine whether UTP could still outcompete ATP at physiologically relevant ratios, given that ATP is present in two-to ten-fold molar excess over UTP in vivo (3, 31) . tCid1 was incubated with (A) 15 and ATP, in a ten-fold molar excess over UTP, or the combination of UTP, CTP and GTP (Fig. 2B) . Given the lack of GMP incorporation at equimolar ratios, only RNase A was used to digest the tCid1-generated products. In the presence of excess ATP, tCid1 again preferred initially to incorporate UMP as seen by the ability of RNase A to cleave tCid1 tails made in the presence of either ATP and UTP or all four nucleotides (Fig. 2B ). From these experiments, it is clear not only that tCid1 possesses strong PUP activity but also that this activity is able to out-compete its PAP activity.
Cid1 complexes from S. pombe possess enhanced PUP activity. Unlike canonical, nuclear PAPs, Cid1 lacks an RNA recognition motif (RRM) and thus is likely to require interacting proteins to direct its activity to specific RNAs; presumably, such associating
proteins could affect nucleotide usage of Cid1. Therefore, we isolated tandem affinity purified (TAP) Cid1 complexes from S. pombe and tested the PAP, PCP, PGP and PUP activities of these complexes ( ATPase that might reduce the effective concentration of ATP sufficiently to mask the PAP activity of Cid1 complexes (Supp. Fig. 3 ). Thus, we conclude that these data are consistent with an in vivo role for Cid1 PUP activity.
Nevertheless, in principle, the activity of Cid1 might be affected by the cation used in vitro. Members of the Pol β superfamily, which includes Cid1, coordinate a divalent cation through the three catalytic aspartate residues; in most cases the cation is Mg 2+ (32) . However, coordination of Mn 2+ can occur and can affect specificity of the polymerase due to increased reactivity (33) . For instance, the in vitro PAP activities of both Trf4 and Cid13 are affected by the divalent cation used (14, 41) . As complexes still showed strong PUP activity and weak PAP, PCP and PGP activities in the presence of either Mg 2+ or Mn 2+ (Fig. 3B ), the activity of Cid1 appears to be unaffected by the change in cation. Given this finding, we used Mg 2+ in all subsequent experiments.
We have previously speculated that Cid1 is normally inactive and that, upon S phase arrest, it acts on cytoplasmic RNAs to activate the S-M checkpoint and promote cell survival (39) . Cells lacking Cid1 and containing temperature-sensitive pol δ alleles, such as cdc27-P11, fail to arrest the cell cycle properly after the shift to the restrictive temperature (52) . It is possible that this activation reflects a change in Cid1 binding partners, which may influence nucleotide usage. To test this possibility, Cid1 complexes were isolated from cdc27-P11 cells that, during exponential growth, had been shifted to the restrictive temperature. These complexes, like those isolated from exponentially growing cells, showed very strong PUP activity with weak PAP, PCP and PGP activities ( Fig. 3C ). Indeed, we have isolated Cid1 complexes from cells grown under a variety of conditions but have never found them to possess processive PAP activity or lack strong PUP activity ( Fig. 3 and data not shown). Thus, we conclude that the binding partners of Cid1 or some as-yet unidentified modifications, not carried out in E. coli, either stimulate its PUP activity or inhibit its PAP activity, suggesting the former is more relevant in vivo.
The PUP activity of Cid1 complexes is able to effectively out-compete its PAP activity. We next wished to determine whether Cid1 complexes, like recombinant tCid1, preferred to incorporate UMP in the presence of an excess of ATP. To do this, we first repeated the RNase digestion assay (Fig. 4A) Nucleotide usage by Cid1 complexes depends on the RNA substrate. Given the strong PUP activity of Cid1 when presented with an (A) 15 primer, it is conceivable that, in subsequent rounds of polymerization, Cid1 could be presented with 3′ ends other than a poly(A) tail, such as an oligo(U) tail. We therefore investigated the nucleotide usage by
Cid1 complexes with (U) 15 primers (Fig. 5A-F) . As expected, Cid1 displayed strong PUP activity when incubated with (U) 15 . Surprisingly, when presented with (U) 15 , Cid1 possessed stronger PAP activity than was seen with an (A) 15 primer.
These same experiments were repeated with tCid1, giving broadly similar results ( Fig. 5F-J) . As with the (A) 15 primer (Fig. 1B) , tCid1 displayed strong PAP and PUP activity with (U) 15 ( Fig. 5F ) Surprisingly, with (U) 15 , tCid1 possessed enhanced PCP and PGP activities, extending primers with as many as 40 and eight nucleotides respectively.
Nevertheless, as with those differences seen with the (A) 15 primer, the observed differences between the activities of tCid1 and Cid1 complexes with (U) 15 likely reflect the absence of regulatory subunits in recombinant preparations. With both (A) 15 and (U) 15 , Cid1 complexes displayed stronger PUP activity than PAP, PCP and PGP activities relative to those seen with recombinant tCid1. We conclude that the PUP activity of Cid1 is likely to be dominant over its PAP activity in vivo.
Actin transcripts are uridylated upon S-Phase arrest. We next sought in vivo evidence for Cid1 PUP activity. Given the recent identification of the U6 TUTase as a member of the Cid1 family (46), we wished to determine whether Cid1 was the fission yeast orthologue of the human U6 TUTase. However, northern blot analysis did not provide any evidence of post-transcriptional uridylation of U6 in S. pombe, nor did Cid1 affect steady-state levels of U6 transcripts (Supp. Fig. 4 ). Concluding that U6 snRNA is unlikely to be a target of Cid1, we therefore began to explore the possibility that Cid1 might uridylate mRNA.
By employing oligo(dT)-primed reverse transcription, earlier studies of the S.
pombe transcriptome would have been unable to identify terminal non-adenylyl residues.
We accordingly decided to employ a transcript-specific, tail-independent approach, hybrid-selection circularized 3′-RACE (HSC-RACE), to investigate the presence of such residues on polyadenylated mRNAs. In this approach (54), a biotinylated probe is used to select transcripts on magnetic streptavidin beads (step 1 in Next, we investigated the nature of actin mRNA tails isolated from conditions where Cid1 is known to be necessary for the S-M checkpoint. Cells lacking Cid1 and containing temperature-sensitive pol ε alleles, such as cdc20-P7, fail to arrest the cell cycle properly after the shift to the restrictive temperature of 36°C (52) . RNA was
isolated from cdc20-P7 cells that, during exponential growth, had been shifted to 36°C
for four hours and HSC-RACE was performed. Strikingly, a significant proportion of actin transcripts (23%) were terminally uridylated under these conditions ( Fig. 6D, G; Supp. Table 2 ).
Given previous work (38, 51, 52) and our biochemical analysis, we hypothesized that this uridylation might depend on S-phase arrest and be catalyzed by Cid1. When actin mRNA tails from cdc20-P7 cells grown at the permissive temperature were examined, only one tail of 24 (4%) contained a terminal uridylyl residue ( Fig. 6C , G;
Supp. Table 1 ). This result supports a role for S-phase arrest in uridylation of actin mRNA. Moreover, transcripts from cdc20-P7 cid1∆ cells that had been shifted to the restrictive temperature completely lacked terminal uridylation ( Fig. 6E, G ; Supp. Table   3 ). There were no significant differences in the incidence of internal non-adenylyl residues (Student's t-test). Being condition-and Cid1-independent, these residues are likely to be derived from PCR-induced mutations and/or occasional non-adenylyl incorporation by nuclear PAP (Fig. 6F) . Thus, these data suggest that this 3′ modification is dependent upon S-phase arrest and are consistent with a role for Cid1 PUP activity in vivo.
Consistent with the in vitro data showing little PAP activity in Cid1 complexes, analysis of the poly(A) tail length showed no significant difference between all three conditions tested (Fig. 6H) . Like those observed in wild-type cells (Fig. 6B) , poly(A) tails were, on average, 30 nucleotides in length. In addition, it is unlikely that tail length is an important factor for Cid1-dependent uridylation, as there was no noticeable correlation between poly(A) tail length and terminal uridylation. Finally, while the sites of poly(A) cleavage (Fig. 6I ) appear more variable than in other organisms, there were no significant differences in these cleavage sites in the three conditions analyzed. These sites, as determined RNase protection analysis, were also that same as those observed during exponential growth (data not shown). In conclusion, the terminal uridylation of actin mRNAs represents the only significant change observed upon S-phase arrest. Thus, we have described, for the first time, post-transcriptional uridylation of polyadenylated mRNAs; this modification is Cid1-dependent and is likely to occur cytoplasmically.
Cid1 PUP activity is conserved in human cells. The human genome encodes seven
Cid1-family polymerases: PAPD4, ZCCHC6, ZCCHC11, PAPD1, U6 TUTase (RBM21), POL5 and PAPD5. While the roles of the majority of these enzymes have yet to be determined, it is likely that they have functions similar to those of their fission yeast orthologues. In addition, while characterizing the U6 TUTase, Trippe et al. described two biochemically distinct activities capable of transferring uridylyl residues: one specific for the U6 snRNA and another that uridylated many RNAs (46) . Given our findings with fission yeast Cid1, we suspected that another Cid1 family protein might be responsible for the second of these two activities.
Hs2
[ZCCHC6] is a larger protein than Cid1, containing two PAP-associated domains and two nucleotidyl transferase motifs (Fig. 7A) . However, only one of these sites is likely to be catalytically active since the other lacks the aspartate triad necessary for cation coordination. In addition, Hs2 possesses several zinc-knuckle motifs, which may allow it, as well as its binding partners, to bind RNA. We purified TAP-tagged Hs2 following its expression in 293T cells. Native TAP-purified Hs2 complexes were next
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incubated with 5′-labeled (A) 15 and either ATP, CTP, GTP or UTP. Like Cid1 complexes isolated from S. pombe, Hs2 complexes had very little PAP, PCP or PGP activity (Fig.   7B ). Remarkably, Hs2 also displayed efficient PUP activity. We conclude that the PUP activity seen with Cid1 is conserved in Hs2. Moreover, these data suggest that the mRNA uridylation we have described in fission yeast is also likely to occur in human cells.
DISCUSSION
Here we have presented evidence that the PUP activity of Cid1 is stronger than its PAP activity, that actin mRNA is uridylated in a Cid1-dependent manner during S-phase arrest and that this PUP activity is evolutionarily conserved. Use of an RNase A-RNase T1 double digestion demonstrated that recombinant tCid1 initially preferred to add uridylyl residues to an (A) 15 
A C C E P T E D
with UTP or GTP. Studies into the S. cerevisiae Cid-family proteins, Trf4 and Trf5, have also described PAP activity (15, 21, 48, 56 (14, 15, 48) . These studies of S. cerevisiae Cid1-related proteins used both bacterially-expressed protein and TAP-purified complexes. Given the lack of PUP activity in other members of the Cid1 family, with the exception of the human U6 TUTase, it is likely then that the PUP activity seen with Cid1
and Hs2 is specific to these polymerases.
Our sequence analysis of actin mRNAs provides further evidence for the relevance of Cid1 PUP activity. During S-phase arrest, we observed terminal uridylation in 23% of these mRNAs. In cells lacking Cid1, no such uridylation was observed.
However, it was surprising, given the rampant PUP activity of tCid1 and Cid1 complexes in vitro, that only one terminal uridine was found in these cases. We suspect that the lack of longer oligo(U) tails may be because even a short oligo(U) tail could form a hairpin with the poly(A) tail; this structure would be then refractory to ligation and subsequent RT-PCR. Alternatively, it is possible that in vivo Cid1 adds only a single uridine, which is sufficient to alter the fate of the mRNA in some way. Finally, it is also possible that the addition of U-rich tails results in rapid degradation of targeted mRNA (see below). Work is ongoing to distinguish between these possibilities and to determine whether longer oligo(U) tails are generated in vivo.
In addition, the HSC-RACE analysis of actin transcripts has allowed the sites of poly(A) cleavage to be determined. The sites of cleavage appear to be more variable than in other organisms and, unlike the situation in higher eukaryotes (36) , very few
transcripts (3%) were cleaved after a CA dinucleotide. This variability may reflect divergence from the AAUAAA consensus that has been suggested to be common in fission yeast genes (17) : for instance, in the actin 3′ UTR, the poly(A) site appears to be AAUAA. Previous work on actin mRNA in S. pombe (27) demonstrated the presence of two additional poly(A) sites, one 400 nucleotides downstream of the site mapped in this study and another 600 nucleotides downstream. It will be interesting to investigate whether transcripts derived from the downstream poly(A) sites are also subject to uridylation, as we suspect that motifs in the 3′ UTR could direct Cid1 activity.
The existence of a heterogeneous tail that contains uridylyl residues presents many questions. In particular, does such a tract stabilize or destabilize RNA? There is indirect evidence for both possibilities. Oligo(U) tailing of human U6 transcripts implies a role in RNA stabilization, as post-transcriptional uridylation is thought to regenerate a functional U6 end after the 3′ oligo(U) tract has been trimmed by exonucleases (5).
Moreover, it has also been observed in vitro that oligo(U) tracts are able to protect RNA from exosome-mediated degradation (11) . This protection is dependent on a cellular protein that has yet to be identified. However, several studies also suggest that a terminal oligo(U) tract may destabilize RNA. In Arabidopsis, oligo(U) tails are added both to the upstream mRNA product of miRNA-directed cleavage and to the miRNAs themselves (22, 44) . In both cases, such uridylation either leads to or is coincident with degradation, though a causal relationship between these tails and decay is far from established.
Investigations into the degradation machinery in bacteria have suggested that oligo(U) tracts might preferentially target an RNA for degradation and that these tracts can be shortened by exoribonucleases (16, 23) . Nevertheless, it is conceivable that, like poly(A) tails, the effect of oligo(U) tails may be dependent on length and cellular environment.
Short oligo(A) tails created by the TRAMP complex lead to degradation of various RNAs, while long poly(A) tails, competent to bind Pab1, stabilize their RNA. Contextual conditions might similarly affect the ability of a poly(U) binding protein to bind and stabilize the RNA.
In one attractive model, the Cid1-generated oligo(U) tract on an mRNA would be able to base-pair with the poly(A) tail created by the canonical, nuclear PAP. A hairpin of this sort may itself be stable enough to prevent exosome-mediated degradation or, alternatively, it may be bound by stabilizing proteins. Another possibility is that the creation of AU-rich tails might generate de novo AU-rich elements (AREs), similar to those described in the 3'-UTRs of many tightly regulated mRNAs. Canonical AREs often destabilize these mRNA molecules by binding ARE-binding proteins, which then recruit the exosome and lead to rapid degradation (4). Cid1-generated tails may be fed into a specialized version of ARE-mediated decay. It is also conceivable that the addition of a Cid1 tail allows a form of translational reprogramming necessary for cell survival following S-phase arrest. In any case, the interesting problem remains of how Cid1 target RNAs are regulated as the cell recovers from arrest.
The PUP activities of Cid1 and Hs2 raise many questions not only about the roles of these polymerases in the cell cycle but also about RNA biology itself. Indeed, the use of nucleotides other than adenine in RNA tails may represent an unanticipated mechanism of gene regulation.
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MATERIALS AND METHODS
Primers. All oligonucleotide sequences are shown in Supp. Table 4 .
Fission yeast strains and methods. The conditions for growth and maintenance were as described previously (28) . S. pombe strains are described in figure legends. Strains were grown at 30°C, except where stated, in yeast extract with supplements (YE5S) or appropriately supplemented Edinburgh minimal medium (EMM2). When necessary, gene expression from plasmids containing the nmt1 promoter (26) was repressed by the addition of 30 µM thiamine to the growth medium. RNA was isolated as described in (28) .
Plasmids and strains. pGEX6P-1 tCid1 was generated with a 1.2 kb BamHI-XhoI product by the Expand PCR System (Roche) with primers 3′ XhoI and OR1. pREPNTAP-Cid1 was kindly provided by A. Stevenson. Primers 5′ NTAPcid1 and 3′ NTAPcid1 were used to generate a SalI-NotI PCR product encoding Cid1 DADA, which was then cloned into pREPNTAP to create pREPNTAP-Cid1 DADA.
To create pcDNA-Hs2-TAP, Hs2 was amplified from HeLa cell cDNA clone, KIAA1711 (Kazusa DNA Research Institute, Japan) with the primers Hs2 5′ and Hs2 3′. Once generated, the Hs2 fragment was digested with KpnI and NotI and then cloned into pcDNA3.1(+) (Invitrogen) to generate pcDNA-Hs2. The TAP sequence was subcloned from pcDNA-TAP (37) with NotI and XbaI into pcDNA-HS2 to make the plasmid pcDNA-Hs2-TAP. To create pcDNA-Hs2/DADA-TAP, the 5′ half of Hs2 DADA was amplified with the primers DADA-F and Hs2 5′; the 3′ half of Hs2 DADA was amplified with the primers, DADA-R and Hs2 3′. Hs2 DADA was then formed by stitch PCR. Once generated, Hs2-DADA was digested and cloned as above.
Preparation of recombinant protein. E. coli BL21(DE3) pLysS cells, transformed with pGEX6P-1 tCid1, were grown to an A 600 of 0.5, equilibrated to the induction temperature of 24°C and induced with 100 µM IPTG. After 20 hours, cells were harvested and pellets were frozen at -20°C. These pellets were then thawed on ice and the cells were lysed with BugBuster (Novagen), supplemented with benzonase (Novagen). Lysate was then clarified by centrifugation at 16,000 x g for 25 minutes at 4°C. The supernatant was incubated with 40 µl of glutathione-Sepharose (Amersham), rocking at 4°C for 1 hour. The beads were washed four times with HBS (40 mM HEPES, pH 7, 200 mM NaCl) and incubated overnight with 1 µg 3C protease at 4° C (kindly provided by J. Endicott). The supernatant was removed and again incubated with glutathione-Sepharose for 1 hour. Finally, the supernatant was collected after a thirty second centrifugation at 16,000 x g; the protein concentration was determined by Bradford assay. 2-4 pmol of tCid1 were then used for polymerase assays as described below.
TAP-purification of Cid1 complexes. Expression and IgG affinity purification of TAPCid1 was similar to that described by Motamedi et al. (29) with the following modifications. After incubating the cellular extract with IgG FastFlow Sepharose slurry (Amersham), the Sepharose beads were washed twice with cold lysis buffer (6 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 , 1% NP-40, 2 mM EGTA, 50 mM NaF, 0.1 mM Na 3 VO 4 ) and then three times with cold HBS. 2-4 µl of the IgG-Sepharose beads with immobilized Cid1 complexes were then used for polymerase assays as described below. In vitro assays. Template-independent polymerization assays were carried out as described (38, 49) , using, when appropriate, 0.5 mM ATP, CTP, GTP or UTP (Promega . In noncompetitive reactions, cold nucleotide was also included (0.5 mM ATP or 0.05 mM UTP). In competitive reactions, cold nucleotides were used at the following concentrations: 0.5 mM ATP; 0.05 mM CTP; 0.05 mM GTP; 0.05 mM UTP. After incubation, reactions were stopped with the addition of STOP buffer (20 mM Tris-Cl [pH 7.5]; 0.1M NaCl; 10 mM EDTA). Measurement of incorporation was then carried out as described previously (7) . Briefly, after reactions were absorbed on GF/C discs (Whatman), the discs were placed in 5% TCA (Sigma). The discs were washed 5 times in 5% TCA, once in ethanol (Sigma) and finally once in acetone (BDH). After drying, incorporation was measured by scintillation counting. To perform ATPase assays, reactions were performed as above with Cid1 or Cid1 DADA complexes; however, these reactions lacked (A) 15 RNA and contained [γ-
TAP-purification of
32 P]ATP (Amerhsam) and 0.5 mM ATP. As a negative control, reactions without protein were included; as a positive control, 120 units of yeast PAP were incubated with unlabelled (A) 15 in addition to [γ 32 P] ATP and 0.5 mM ATP. At the appropriate time points, samples were added to STOP buffer. To determine free Pi or PPi, samples were treated as described previously (53) . Briefly, after the addition of 5% activated charcoal (Sigma) in 50 mM NaH 2 PO 4 , samples were incubated on ice for 15 minutes. Samples were clarified by centrifugation at 16,000 x g and the extraction was repeated. 32 P release was then measured by scintillation counting. To calculate the percentage of hydrolysed ATP, the background degradation was subtracted from each condition, and then, using a counting efficiency of 80%, cpm were converted into µCi.
HSC-RACE.
HSC-RACE analysis of actin mRNA was performed as described previously (54) . As described elsewhere (10), T7 transcription of a template, made by PCR amplification using primers 5′ T7 Actin and 3′ T7 Actin, was used to generate the biotinylated probe. To release selected RNA from streptavidin-coated paramagnetic beads (Promega), 50 pmol of the specific DNA primer RNase H Actin and, when appropriate, 50 pmol of oligo(dT) were added. RNA, ligated by T4 RNA ligase (New England Biolabs), was reverse-transcribed using the primer RT Actin with SuperScript II (Invitrogen) according to the manufacturer's guidelines. One twentieth of cDNA was PCR amplified with the divergent primers RT Actin and Seq Actin, using Taq polymerase (Cancer Research UK). When appropriate, [α-32 P] dCTP (Amersham) was included in PCR reactions. PCR products were cloned into pCR2.1 (Invitrogen) following the manufacturer's guidelines and then sequenced.
Northern Blot Analysis. 10 µg RNA was separated on by 7M urea/12% polyacrylamide gel electrophoresis. After being transferred to Hybond-N+ membrane (Amersham), RNA was crosslinked using UV crosslinker (Hoefer) according to manufacturer's guidelines. Membranes were then pre-hybridized in ExpressHyb hybridization solution (BD Biosciences). Since U6 contains an intron, to generate a probe for the mature message, U6 RNA was reverse transcribed by SuperScript II with the primer 3′ U6. cDNA was then amplified with 3′ U6 and 5′ U6. PCR products were labeled with [α 32 P] dCTP (Amerhsam) and Rediprime II labeling system (Amersham) following the manufacturer's instructions. After overnight hybridization at 60°C, membranes were washed twice with 2x SSC (0.3 NaCl; 0.03 M sodium citrate [pH7]) with 0.05% SDS for twenty minutes at 40°C. Membranes were next washed twice with 0.1x SSC (0.015 NaCl; 1.5 mM sodium citrate [pH7]) with 0.1% SDS for twenty minutes at 40°C. Finally, membranes were exposed to PhosphorImager screens. 
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